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"This 
i an raw w a* H 

report investigates the forces acting upon a cable-buoy-ship system 
and develops a digital computer simulation of its dynamics in three dimen- 
sions. The system that is discussed is excited by ship motions caused by 
ocean waves. 

Equilibrium equations are written for the subsurface buoys and cable for 
the steady state case, in which ship motions are assumed to be zero. A Runge- 
Kutta scheme is used to solve the cable equations, and an iterative process — 
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20.    Abstract (Cont'd) 

is employed to effect the correct solution for the system. 

For the dynamic case, in which ship motions do exist, a lumped mass model 
of the cable and subsurface buoys is used. The equations of motion for each 
lumped mass element are numerically integrated simultaneously in the time 
domain. A particular cable-buoy-ship system is investigated, and the results 
are analyzed. 
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I. INTRODUCTIOR 

This study describes an analysis snd simulation of the 

dynaalss of simple moored oceanic buoy systems «hlch are 

tethered to s surfsoe ship. The effects of the save induced 

motion of this vessel, the forces due to the waves and cur- 

rents on the buoy system, snd the «eight of the cable and 

buoy are all Included.  Because of the nonllnesrltles of the 

differential equations used to model the system, numerical 

techniques are used to effect solutions. 

The baale problem this simulation «ill address is the 

decoupling of the cable connecting the anchor to the sub- 

surfsce buoys from the «sve Induced motion of the ship« This 

«ill help alleviate the problem that has caused much concern 

among researchers and navies throughout the «orId sbout 

possible failures In a, moored cable du« to the fatigue ef 

the ssble eaussd by the «ave excited motions of tho tethered 

ship. 

Mast snslyses of the type undertaken in the preaent 

study have dealt «1th some type of moored buoy configurmtlen. 

almost sll of these studies did not consider systems in «hlch 

o ship «as present; thus» the «ave lnduoed metlena «ore 

limited to affecting only the aurfaoe buoy» 

Barber *   compared three methods for obtaining eablo 

displacements, snd then examined «hat effect these displace- 

ments would hsv« In the stesdy state upon current meters. 

  i 



15. 

Hla aala concern «as la obtaining accurate data for cloaely 

apaced aurraat meters near the top of the mooring. 

Martin ^2* developed a computer prograa to deteralne 

the ateady state geometry and cable tensions In single» 

point aoorlng systeas.  It was baaed en an Iterative, num- 

erical-Integration routine for the eable equatlena, allow- 

ing for elastic cables, drag and weight forces, variation of 

current apead with depth, lnatruaenta aupported In the aoor- 

lng line, and the effeeta ef specific buoy shapes. 

Griffin and Radoahla *31 derived a prograa to find the 

ateady state configuration and tension of a very long 

underwater towed cable.  A nuaerleal-integration routine aaa 

also used to solve the eable equations, whleh considered the 

elasticity ef the eable, a eonatant current profile, drag 

and weight forces, and a drogue at the end of the eable. 

Orlffla (*) nan-dlaenslonallzed the eteady state cable 

equatlena for alngle point aoorlng aysteaa and solved thea 

for different valuea of the non-dlnenelonel paraaetera. Be 

plotted the spatial coordinates ef the end point as a func- 

tion ef the dlaenaienleaa coefficients for drag, eable 

weight, exeeea bueyaney-to-tenalon ratio, eurrent profile, 

and buoy geeaetry ao that, for a given set ef buoy end esble 

paraaetera end specific eurrent profile», the horizontal and 

vertical exeuraiena of the buoy could be determined. 

Shepard (*) described a dynamic aodel of a vertical 

—._——.MM) 
I.I... .  - 
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moored taut cable which was subjected to a low velocity 

transverse flow and which underwent small harmonic oscilla- 

tions In the vertical direction at Its upper end.  Calcula- 

tions based on tnls model yielded estimates or the dynamic 

force-displacement relations at the upper end of the cable. 

( 6 ) 
Griffin   ' Investigated the forces acting upon a 

cable-towed body system and developed a digital computer 

simulation of Its dynamics In a plane.  The towed system 

was excited by ship motions caused by deep-ocean waves. 

Squations of motion for the towed body were written and re- 

duced to a set of ordinary nonlinear differential equations 

having nonconstsnt coefficients., A lumped mass model of the 

towline was employed and the equations of motion for the 

«able were numerically Integrated simultaneously with the 

towei body equations of motion In the time domain. 

Paquette end Henderson   ' used an analog computer to 

simulate the dynamics of buoy mooring ropes under conditions 

typical of the open sea.  They solved the set of second- 

order partial differential equations sssoclsted with single- 

point mooring systems under the action of wind and current 

ferees that were unidirectional and copLanar. The eable was 

simulated by up to ten straight segments Joined at node 

points where all forees and mass were assumed to be lumped» 

Bralnard * ' analyzed the dynamic motion of a single 

point, taut, compound mooring.  His model consisted of a 

-••'- -—.--•-  . .u-.^..-^.-- -  •  -• ••...••   • . ^UtMu^i—fr^—JMU 
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aerie« of discrete masses connected «1th linear springs; 

motion sea assumed to be one-dlmenslonal along the longi- 

tudinal axla of the model. The analysis predicted the 

natural frequencies of the aodel without damping.  Theae 

reaulta «ere uaed aa a basis for analysing motion of the 

masses and tenalona In the eprlngs when the model «aa driven 

alth an external force and ehere damping, from tangential 

dreg, «aa assumed to be proportional to velocity squared. 

Solutlona »ere obtained by computer programmed numerical 

techniques; both steady state and transient caaea «ere stu- 

died.  Response of the aystem «1th alterations of drag and 

spring stiffaces «ere also studied. 

Patton *9'  lnvestigsted a digital computer simulation 

of buoy system dynamics for simple buoy systems, that la, 

s surfaaa buoy saersd on s single mooring line. The buoy 

system could be excited by «lnds, «sves, and currents. 

•lnds could act from say compass direction, and currents 

could very in strength and direction ss a function of depth 

in the «ster column, wind «sves «ere almulcted by first 

computing their properties «1th ths Sverdrup-Munk *   - 

Bretschnclder *13' method end then by using Bergman1a (14) 

energy partitioning sshsse on s t««-pmrsmeter Bretschnclder 

spectrum to compute component sine vovs amplitudes, phases, 

and frequencies. 

aquations of motion for the buoy, sssumed to be sn 

I  ___ -<  ,„.,» ,.... 
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oblate spheroid, «ere developed for six degrees of freedom- 

three transietlonal and three rotational.  Hydrostatic and 

hydrodynamlc forces and moments acting on an oblate spheroid 

moving on the frea surface of an Infinite body of «ater «ere 

investigated in detail. The set of lntegro-dlfferentlal 

equations for buoy motions «ere reduced to a set of nonlin- 

ear, ordinary differential equations with nonconstant co- 

efficients by using the Hasklnd (15' hypothesis to evaluate 

the hydrodynamlc foree and moment integrals and to represent 

them aa frequency dependent coefficients.  Buoy motions «era 

coupled to the hydrostatic, hydrodynamlc, and mooring line 

forcea. 

Cable dynamics «ere also investigated, k  aet of 

coupled, hyperbolic, partial differential equations for 

cable motions «are developed end characteristic equations 

«ere derived to effect a method of characteristics solution, 

a unique numerical method of characteristics technique, 

based upon Hartree'a v   method, «aa developed for the solu- 

tion of the cable aquations in the time-space domain. Buoy 

motions, «hlch «era dependent upon the cable tenalons, served 

as the upper boundary conditions.  Laser boundary conditions 

•are prescribed at the snehor, «here there could be no 

motion. 

For certain buoy systems, «here many mass discontinui- 

ties existed along the cable, or for shsllo« «ater moorings, 

•'Hi ..I,. «Mfc»t. i.imKW I  »• 
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•her« sleek eeble condition» could exist, a lumped asms 

method of computing eeble dynamic« »es developed es opposed 

to the finite difference aethod Just deserlbed.  In general, 

for eeble dynamics the lusped nass nuaerleel aethod was sn 

order of aegnltude faster la computation tlae than ths fin* 

Its difference aethod» 

The equetions of aotlon developed for the buoy «ere 

sulved nuaerleslly in the tlae doaein using s fourth-order, 

Runge-Kutte Integration aethod.  Cable equations could be 

aolved by finite difference aethode or by integrating «1th 

the Runge-Kutta slgoritha for the luaped aees model. 

In order to validate the nuaerleal models developed, 

t«o buoy systeas «ere inatruaented and deployed In Block 

Island Sound. The aotien data froa these experlaente, slang 

(.9) 

•lth dsta published in the llterstura ^10*   , «era eoa- 

pared «lth simulated buoy aotien data.  Thla eoaperlaon 

Indicated thet steady state buoy ayatea foreea end configu- 

rations could be predicted «lthln approximately five percent 

and that buoy ayatea dynaalea eould be predicted «lthln ap- 

prexlaetely fifty percent. There «ere soae indications that 

the aurge and away hydredynaale forees acting on ths buoy 

«are being undarestlaated by the computer aodel. 

l IT) 
•ebater v   tested models of three buoys; In these 

teete, the effecte of both «aves and surrents «ere slaulsted. 

-a e reeult of the tests, s single-point mooring eonflgura- 

•*" •-••"* '-••• •*-•< - - - - • • • — J 
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tlon for a new buoy aas developed.  Of particular Interest 

during this study «as the visibility of the buoys In vari- 

ous sea and current conditions.  The test results were used 

to predict the frsetlsn of time that the buoys remained 

«lthln t«o, three, and four degrees of the vertical. 

(18) 
Mereler     presented the results of hydrodynsmle 

tests of several models of typlcsl buoy shapes. Ueasure- 

asnts of lift, drag, snd pitch moment «ere made for the 

heave, surge, and pitch modes of motion in calm «ater and 

for the model held fixed «lth surface «aves passing by. 

These results ««re necessary for evaluating the motions of 

these bodies for arbitrary mass distributions, using the equa- 

tions of aotlsa.  Coefficients expressing the lnertlsl and 

damping eharaeteriatlea of theae models, baaed on the assump- 

tion of linearity of forces «lth motion and save amplitude 

«ere presented In tables,  amplitudes and phases for the 

wave exciting forees «er« tabulated.  Models thst had been 

tested Included a half-immersed sphere, a half-lmmeraed 

torus, a ona-flftieth seal« model of the "Monster Buoy", a 

ahallo* draft rectangular barge, and a cylinder «lth a 

aquar« damping plate at the lo«er end and «lth a hemispher- 

ical bottom eap. 

The problem considered by Reld K     '  dealt «lth the 

motions of snd tensions slthln a quasi-elastic mooring line 

«hleh «as anchored at the sea floor while attached to a ahlp 

• — •••-  ..—...•      .....      . .... ..,..,•••,.. ...,.^ ...... „...   . „^J^J.J.^.,. ,   |M1>     I,  M   nijiiaLriJtMimil 
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•r buoy at or near the sea surface and subject to the In- 

fluence of tine varying eurrenta.  This «as a natural exten- 

(80, Zl) 
elon of previous studies, such aa thoae of Hllaoa, 

dealing «1th the equilibrium configuration of an anchored 

cable in the presence of steady, coplanar eurrenta. 

The design concept and a summary of the notion analysis 

of the mathematical aodel of a trl-moored buoyant atructure 

»ere presented by Savage ^22' for project SBASPIDBH. The 

need to adapt the atruetural deaign to the anticipated 

oceanographle envlronaent in order to obtain a near-motion- 

less aystea sea discussed.  Critical components of the total 

system «era discussed, snd experience «lth these components 

during sea trials was recorded. Sea triala of tha ayataa 

oondueted on the Blake Plateau in 2000 feet of «ater «ere 

revieaad and the results using the systea aa a baaa for 

aeouatle, temperature, and current neaaureaenta aere pre- 

sented. Bvldenee of the neer-motionleas eharaeteriatlea of 

thla trl-aoored buoyant atructure «aa preacnted and dis- 

cussed. The purpoaa of project SBASPIDBR had been to prove 

the feasibility of trl-aoored buoyant atrueturea «lth neu- 

trally buoyant lega as instrument base» far all types of 

eceanographl« neaaureaenta In tha «atar coluan of tha deepest 

parta af tha ocean. 

Correll y     '  reported the reaulta of an analytleal de- 

aign atudy end a prototype experimental program «hleh lnvea- 

j^^fc--—'•-»—•  ••     ••    —J-—i-J—^*^—*—^-^*-^-—~——Jh—^-II-Ir--rr-i «IM nr i   in   !••-••    •-•-    -—* i       >      i    III umMÜ 
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tlgated the characteristics and perfornaoee or a buoy sya- 

tca for the U.S. Naval Oeeanographlc Hyaureh Program.  The 

buoy system served aa a reference station for a hyperbolic 

navigation system for coastal hydrographlc survey.  The work 

consisted of an analytical evaluation of several elaaaea of 

buoy systems, a detailed dealgn of a prototype buoy system, 

an experimental program «1th a full scale prototype buoy 

system in two oeeanla environments, and an evaluation of 

the operational characteristics of the prototype system. 

The prototype evaluation showed that a highly compliant taut- 

• lre moored surface buoy configuration could provide vertical 

stabilities of less than eight degrees variation and a watch 

circle of approximately ten percent of depth, In sea condi- 

tions of up to sea state four and «lth ocean currants up to 

three quarters of a knot. 

Moat analyses of the type undertaken In the studiea 

described above have dealt simply «lth moored buoy-cable 

systems. The preaant atudy will include the dynamic effects 

of a ship »hich la tethered to the system aa on extension af 

previous works.  In addition to thla exaltation of the sys- 

tem due to the reaponaa of the snip to oeean waves, the 

other forces which «111 be considered Include water drag 

(normal and tangential), cable tension, aable and buoy 

•«lght, and lnertlal foreaa.  Theae «111 be assumed to be 

acting at discrete points slong the cable In a lumped maaa- 

«^MM^te^ — — YIMMIHI i I  I 
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spring model. In order to provide initial condition» for 

this dynamic ease, a steady state model «ill first be de- 

veloped. 

^M —_.._- - 
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24. 
II. STBAOY STATB MODSL 

2.1 Cable Squatloaa of Motion 

The equilibrium aquation», originally given by 

Patton   p  «ere modified by Griffin and Radochla   and uaad 

to modal extremely long towed arrays» The differential 

equations generated to deaerlba the equilibrium aondltlon 

for an element of eabla subject to weight and ataady hydro- 

dynamic forces are given aa: 

d 
&<*< I    £*m  d> -X+^^w) (J, 
dLT —  yUr.^^^ - -jj-^TfoL £*7ir"\ 

Clb) 

= (±)fa*t-T^*c~"l~'\)i U) 

Cld) 

Bquetloa» (1«) through (la) are the equilibrium equation» 

far the sable In the x", y", and z" direction» respectively. 

 —- •^—"^-»' ..«,-,.^—^-*->^-^»* 
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(See figures 2 through 6»)  Bquatlon (Id) la derived by 

using Hook«'« la« K       (»traln»atr**»/aodulu* of «laatielty), 

«hleh la valid for linear «laatla aatarlala. (Strain, 

( •£+- - l), la asauaod to be vary aaall, and tanporature 

offoeta on the strain are neglected.) 411 of the abova «re 

for eablea «1th circular croaa aaetloa. 

The parameters uaed In equation (1) are defined aa 

fellaaat 

C   —naraal rtraa al apf «• axis/unit length 

r       noraal drag along z" axla/unlt lenKth 

C     * the noraal drag coefficient of the element along 
'*      the x" axla and z" axla 

C,r - 
tangential drag/unit length 

:tT   r the tangential drag ««efficient af the eleaent 
along the jm axla 

d m  the oatald« dlaaetor of the elea«nt {mm* 
figure 1} 

ds s the effective atrength aaaber dlaaetor (aaa 
figure 1) 

•in *m*mm** "-  - 
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Ss • the aodulus of elasticity of the effective 
strength aember 

s z.  the stretched length of the element 

s0 : the unstretched length of the element 

T  r the tenslsn at the element 

«e - the in watar «eight per unit length of the cable 
element (Por the cable, «eight is defined aa a 
positive quantity; the equilibrium equations of 
the cable take into account the faet that the 
positive weight is acting In the negative z 
direction.) 

u'f v',«
tt,« the fluid velocity components in the double 

primed coordinate system along the x", y", and 
zn axes respectively (See figures 2 through 4.) 

P^ s the mass density of sea «ater 

5}j>    s the angles of the cable In the double primed 
coordinate system» defined in figures Z  through 
4. 

Squat ion (11 uses two different values for the «sble 

diameter. The first, d, is the outside diameter; the second, 

dm, is the strength »ember diameter.  A sable may sometimes 

have s buoysney material, such as thermoplastic rubber, ex- 

truded over the load bearing member (sea figure 1). This 

«ill have little effect upen the atrees-atrain relations 

of the cable, bat «ill sffeet the drag forces on the cable. 

This fact is taken into consideration «hen deriving 

«qustlen (1). 
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LOAD BBARINO SECTION 

D07A.NCY MATBRIAL 

Plgura 1. Cable Dlaaetera 

Te tranafora froa lnertlal (unprlaed) to eabla 

(double prlaed) coordinates, flrat ratata the x-z plane 

about the z azla aa ahoon in figure 2: 

4.2 

V 
Figure Z.  Rotation froa Unprlaed to Prlaed System 

-••--^-'-"''    • • "• fat i -Hi • •    il-fTiim    rri - <,-,--L -•^";-^^- '•* 
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Next rotate the prlaed system to the double prised 

ayatem by a rotation aoout the x* axis as shown belo« In 

figure 3: 

Plgure 3. Rotation fron Primed to Double Primed System 

The aable element la aligned «1th the y" axis in the 

double primed coordinate system as shown In figure 4: 

Plgure 4. Cable Element in Inertia! and Cable Coordinate» 

mtttttamätütttmmmmiiii    i  • • •   •       -    — *-.-•.•. I HfcufrjfifiJMaMMMsl 
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The change« la the horizontal angle ß and the vertical 

angle $ In the lnertial ayatea are shown belo* In flgurea 5 

and 6; 

Figur« 5. Horizontal Angle Change 

•    . . ------   - - 
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Figur« 6. Vertical Angle Change 

Orlffln and Radechla    giva th« tranafera aatrlx to 

change fraa th« uaprla«d to th« doubl« prlaed coordinate 

ayatea at: 

A  3 
<9 (2) 
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It»  iavtri«   1« given »»: 

-J 

A    = 
C*+> 8 ~^<~r.e   CO* ^ -Au. 6 

-4**. 9 C**' ^ Co^ a& -&#«* 9 

0 Xl*K.       ^ Co« / 
* 

(3} 

Using  the above relations  u", v",  and  w"  may be defined 

as the fluid velocity components in the  x", y",  and z" direc- 

tions respectively: 

M*   r   -«- c«e» 9     +   AT Ua) 

/V r ->a. ©C#«^f/iAe#*ec^^ +Mr^u*.^ 

AT'T  J*.A*K*^dm* $ -*r C++*****.}+*"*+} 

(4b) 

(4e) 

ehere u, v, and a are tha current oeapeaeats In the x, y, 

and x llreatlena reapeotlvely (the inertlal eoerdlnate 

ayataal.  Mete that u", v", and a* may be a funetlen ef 

depth, If deal red» 

filiation* (1) are numerically Integrated ualng a fourth 

order lunge-Kutta method^   . A brief deaerlptlen ef thla 

method le preeented In Appendix A; farther detalla may be 

found in Kelly (2sl ar Hlelaea t8Tj. 

J 
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The following lnertlal coordinates of the element are 

computed once a solution  for T, Ö , and f  Is obtained for 

each element of cable, ds.  (It la assumed In this study 

that the unstretohed length of ds is 20 feet«) 

c£jL     c    ~   dU, *>&+*. e i 
dly,   -      c2<i.     Ceht &  c^fl^ <p 

<SL\ c   dU 4> 

(5a) 

(5b) 

(5c) 

The Hunge-Kutta method used In this simulation has been 

checked far accurate performance by Hhlta ^ far many 

representative differential equations- The Intent aaa ta 

provide a subroutine ahlsh performed the "dirty work" and 

required the programmer only to «rite «xpreaalons far the 

derivatives involved in his particular differential equa- 

tions. Far the present study, thla formulation aaa found 

te provide sufficient accuracy with rapid convergence. 

Z-Z  Subsurface Buoy Bquatlona 

2.2»! Ferae Bqulllbrlu» Bauatlona 

la dlaauaaed In the prevloua section, a numerical in- 

tegration preeedure la uaed to aolve the cable equation». 

At a buoy, hoaever, thla scheme must be Interrupted, and 
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the rare* and moment equlllbrlua equations for the buoy 

•uat b« eolved la order for the Integration, to proceed at 

the next cable eleaent on the "ether aide1* ef the buoy. 

a free body diagram of the aubaurfaee buoy, which la 

aaauaed to be apherleal In ahape, la ahovn below: 

Pifure 7. Free Body Diagram of Subaurfaee Buoy 
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»her« 

3 s net buoyancy of buoy (buoy displacement 
alnua air «eight of buoy) 

Op z  drag (aaauaed to be in the horizontal 
plane» le., no vertlaal currents exlat) 

TQJ] * tension on cable from anchor at point B 

T3D s tension en «able froa surface at paint 0 

XD > '/o» 2D  • lnertlal coordinates of soint D 

XB* y\  » ZB  * lnertlal coordinates of point B 

Ba  - radlua of sphere 

Tha tension components In the lnertlal «oordlnata 

system at point 3 are given by Griffin and Radochla 

the x, y, and z directions respectively it: 

13) In 

(T«l  = " T„ •*>*,. c~ f„ (6») 

(T*)7   =   T" ***** ****« («b) 

(6«) 

• here Gff   and dfg are the horizontal and vertlaal angles 

respectively of the «able at point B deaarlbad earlier In 

flgurea 2 through 6.  These are considered to be aeaaurad 

positive counterclockwise froa the y axla and positive 
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upwards fro« the x-y plan« respectively»  (This «111 be 

true whenever the symbol» 6  end f   ere used »t sny pelnt.) 

The tenslen msgnltud« ~f~tf   ma^  the angles 8H  end 4*e  »r* 

slreedy known fro« the solution of the cable equations at 

pelnt B. 

The tension components st point D may be given by: 

(rml   r  ^Tn*4*******^ (7a) 

ft*)7 
r  Tso <*+ e,D <^~ fr 8J> 

Ol»), r Tu ^~ K 

(Tb) 

CTc) 

«beredend fm are the horizontal  and vertleel engles re- 

apeetlvely   of   the eeble  st  pelnt   D.    The  tenslsn asgnltude 

Tf#    »nd  the anglea 9fp  and <peo   are three of the unknoena  In 

thle problem. 

The baeyaney force,  B,  «ill  aleaya be acting vertleelly 

upward«;   thus,  lta only «omponent  1«  la th« a dlr««ti«a. 

The  dreg» Dp,  «111 be eaaumed t« b« acting la th« her- 

liont«!   plan«.     Thla  la a consequence   of   th«   sscuaptlen 

—-  
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that tne current velocity vector at any depth Is contained 

In a horizontal plane, that Is, * = (A r ° •  Furthermore, 

the current velocity attenuation «1th depth Is Insignificant 

and can be assumed to be non-existent across the sphere. 

Thus, the current magnitude Is given as AT and Its direction 

as 9 i «here 6^ Is measured positive counterclockwise from 

the lnertlal y axis.  3erteaux (28) gives the drag force as: 

I 
D,= —$»c,A*f C8) 

•here £>w • mass density of sea water 

cD • eoerriclent of drag for the buoy 

A s projected area of the buoy In the vertical plane 

For a sphere. 

A = fr R* 
(9J 

Thus, the components of drag for the subsurface buoy are 

given a«: 

M * -j- *c« frt.')0* «-tXh *•* *l) (10b) 
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•hare  cDS  is  the  coefficient of  drug for a  cohere at   Rey- 

nold«  Number  Re, where  Re   1»  a  function  of   the current  vel- 

ocity,   buoy  diaaeter,  and the klneaatlc  vlaeoalty of  aea- 

«ater(\i)as  folLoaa: 

P       -    *"<• ** 
Aft   * ^ (11) 

Oalng the above expressions for the «able tension, 

drag, and gravitational force, three force aqulllbrlua equa- 

tions aay be written to lolve for the three unknown tension 

components.  They are «ritten, for the x, y, and z  directions 

respectively, as; 

= 0 

(12a) 

(12b) 

(12a) 

Theae equations are solved la Appendix B.l; their solution, 

froa equation» (B9), (B12), and (B13) In Appendix B, la aa 

- •      • •  
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follcaa: 

e„ = A.-* r AEX 
A&Y 

*••• [( 
'AS I     \ 

Aey    J (<*+%) 

Tg0 - 
A£l ] 

(13a) 

(13b) 

(13c) 

•here 

AEX   r 

[H - W7] 
AH • [(41-co] 

Aer  = 

(14a) 

(14b) 

(14e) 

2.2.£ Moment BQulllbrlum Bauatlona 

mJ 
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The moment equilibrium equation» may be developed aa 

falloea.  Let 

*.,    *  »•   "*• • 

(15a) 

(16b) 

(16«) 

Then, the moment» about point B may be «ritten a»; 

ainee all the fereea considered In the problem out line aT, 

equations (id) reduo« fres three to only tee Independent 

equations, a third Independent equation, «hieh atatea that 

lino 10 paases through the center of the ephere, may be 

•ritten fron the pbyeleal geometry of the buoyt 
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(a «,)**&*)*• M * KT (IT) 

Their solution Is given In Appendix 3.2, »here equations 

(löa), (lob), and (17) have been used as the three indepen- 

dent equations.  Proa equations (B-21), the coordinates of 

point D are given as: 

#3  *    *e   +   * OB (18a) 

2. - *. *  **# 

(18b) 

(18c) 

»her«, froa aquations (B20), (Bl9a), and (Bltfb)i 

**- v^f-T7i^-n- (1«») 

(l«b) 

(l»t) 
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The uoDsttnts in the above expreeelone are defined froa 

equations (BIT) aa folloaat 

«..[C4-)*ft4] (20a) 

c> - [% * &L] 

»•[•^•<U] 

(20b) 

(aoc) 

o, • (*)(*J 

2.3 Iterative Solution for Finding Tension at anchor 

In erder to atart the Integration of the eable equatlone, 

the boundary condltlene at the anchor auat be known» Slnae 

the teaeian and anglea at the anchor depend on the final 

equilibrium oonflguratlen, an Iterative teehnlque la devel- 

oped «edifying the aethoda flrat deaarlbed by Dominguez and 

Fllaer (29j (ehleh are baaed on Skep and O'Hara'a (30) 

aathed of imaginary reaatlona) and later uaed by Qrlffln and 

Saopa l*lK 
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M£At/ 
WATtR 
L£\/£L 

(V,°) 

Figur« 8. Inertlal Coordinate System 

It la seen from figure 8 that the anehor la located at 

x r e, y • a, and ft r o.  Tha y axla la the horizontal pro- 

jection of a straight line taken between the anehor and tha 

first paint of subaergenee Into the eater of the tether 

«able fro« the ehlp.  The ft axla la the vertical direction, 

and, of eourae, the x exla eoapletea the right bended co- 

ordinate system.  The first point ef submergence Into the 

••tar of the tether cable from the chip, T, la leeated at 
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x • o (due to the alignment of the y axis), y » 0 (thla «111 

be specified), and x • B (the eater depth). 

The procedure beglna by aaaualng the tension vector at 

the anchor, T  , ehlch includes a magnitude TA and the tee 

anglea &A  and <j^ .  (The eelght of the anchor la considered 

to be eufflclent to prevent any movement of the anchor; 

that la, the anchor la aeeuaed to be fixed.)  Integration 

then takes place over the cable up to the flrat aubaurfaee 

buoy (If there la one).  Bqulllbrlua requirements ere sat- 

isfied here (aee equations 12), and the integration eontlnuea 

along the ceble up to the aeeond aubaurfaee buoy (If there la 

one). After equilibrium requirements egaln are aatlafled, 

the integration proeeeda along the tether to the ahlp. At 

the chip, the calculated veluea for the poeltlen of the 

ahlp are compered to the specified location of the ahlp en 

the surface.  (The eater depth la known end the position of 

the ehlp le specified relative to the enehor due te epera- 

tlenel considerations.) Theee error» are then ueed In 

•correcting" the tension at the enehor. The proceaa le re- 

peeted until the error reaches a suitably small value.  (Per 

the preaent atudy, e closure error of ten feet eas ueed st 

the ehlp.) Thle proeeaa la deaerlbed In detell ea follows: 

—-,. 
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d *,   = 

r* 
4 2 

/ 

v^r Co-*.) 

7T-"-^ 
C«-2<) 

vTT 

(21a) 

(21b) 

(21c) 

«her«  xA,  y±%  and  z± are   the  calculated  values  Tor  the  posl 

tloa  of   the  ship,   and 

fa     =(0-^/     +<P~t*)*   f   0*-**)4 
(22) 

Let <fA  be   soae  positive  nuaber ahlch  la  redueed at  eer- 

tala  Iterations   so  that   each   Iteration  produces a  smaller 

closure   error,  until  the  value   of   S.   1«  less   than son  pre* 

specified  value £   .     Initially,   the  value   of SA  is   taken  to 

be  equal  to  300Q  If   there  are  no  buoya  In  the  syatea,   the 

exaeaa  buoyancy of the  buoy   if there   la one  buoy,  and  the 

aua of  the excess   buoyaneles of  the  buoya  If   there are  t*o 

buoya.     BA la   Initially aaauaed  to   be   tan  tlaea  the  Initial 

value  of    SA One  ean ehoeaa  to   reduce  J"4   by  a factor  of 

tee.     (Convergence  for  thla  aethod  haa seen  Indicated  by 
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Doainguez and Pllner ^89' sod Orlffln «ad Seops ^3l*.) 

The tension at the anchor Is corrected as felloes; 

Let tne nee tsnslsa bs given by 

(23) 

where 

(T-J~ * foV   + 4 ** C24S) 

CU^ « (TO* • 4 r< (24b) 

(T«4     • ftjt    #4 1. (24s) 

•ad»  uslag  equetlen   (6), 

(T^- -ftjr-^K-O (26«) 

(26b) 

(26s) 
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T   may be broien up Into  a magnitude and two 

angles as follows: 

W(UJ *(v)l *foX (26a) 

h» = A. 
-/ 

^AV     ~>&~ 
-f 

ft.), 

v/(Ha HW: 

H - ft Jl 
AAfJy 

> 

(26b) 

(26c) 

•here 7]^ . ^ and S,^ are the "Improved" tension and angle«. 

it the n'th Iteration, ikH  la eoapared slth BAN_l#  If 

**«-!< BAn th* value ,f /J *• reduced (by half here)* and 

T^ Is computed from T^( using the new value of J^ . 

The above process ess the sole arlterlen for Dominguez 

(29 ] CK-\ ) 
and Fllaer     end Or Iff la and Seep« ***' for the reduction 

af fA   .  It «as decided, however, thst If a larger error 

eeuld be predicted In advance, then convergence would be 

faster.  The basic Idea ef this Is te prevent an "ever- 

correction" of the tension «t the anchor; that la, if the 

N'th Iteration produced an error »lgnlfleantly smaller than 

the (N-l)'th Iteration, then / should be reduced on the N'th 

•ItkAMIMibiddMltflMyM.    •••>-.      -•*--'•—-*-M""i-^' -,^-. 
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iteration.  Otherwise, too large a correction would be 

applied at the anchor, reaulting in a larger error on the 

(N+i)'th Iteration than on the N'th Iteration. Thla is 

accomplished by using the following scheme:  Let 

(»!•     ^-' 
&)„ i«) 

where CBi.)I_1 and (BA}M are the errors of the (N-l)'th and 

N'th Iterations respectively.  If SRRR is greater than two, 

then JA   will be reduced in the following manner: 

n-C-^xii, (28) 

.and 7A* la recomputed using 7«*.; aod the new value of^ . 

One problem was encountered, however, using thla second 

method: J* *as •omotlmaa reduced too quickly mo that the 

error sms unable to reach a suitably small value.  ( dA   wma 

reduced too much» resulting in ths tension corrections 

(AttAy,  and A ? of equation (£1)) bosoming too small.) 

Thua, while the first msthsd for reducing j£  is Implemented 

always, this second proeoss is used only when the error Is 

grestsr thsn 600 feet; that is, whsn ths ship is calculated 

to be more than 600 feet from Its specified location. 

....     .       ••   •••••;• -.,• -. 1 —    .-•      •        * * •—  lllflli     1      •         • • .t»^—-i»*ll>M^,  •_...      ..j.*...~m 
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III. DYNAMIC atODBL 

3.1 Cable Squatlona of Motion for a Lumped-Mass Systea 

Many methods are available for analyzing the motions of 

a cable.  The cable may be regarded as a continuum, a series 

of finite segments, or a series, of lumped-mass (concentra- 

ted) elements. Both the finite element method and the 

methods that assume the cable ti be continuous are numerical 

techniques that usually require a great amount of computer 

time.  The lumped-mass method employed In this study to 

(9) analyze the unsteady motions of a cable is Patton's   , 

•ho states that "a lumped mass analysis can offer signifi- 

cant savings in computational time at the expense of 

simulation accuracy.  In general, the lumped-maaa analysis 

«111 truncate the high-frequency response of the system. 

However, for many engineering applications, the high-fre- 

quency, low-amplitude reaponae is not of interest, and the 

cable can b« represented as a small number of lumped masses." 

A similar approach «as also taken by Griffin *6'  in his 

model of a eable towad-body system. 

The lumped mass models of Fatten (9) and Griffin <6) 

assume that a uniform cable of length L can be broken up 

into m unatratehed segments of length A Ln.  Figures 9, 10, 

and 11 sho« these models for the no buoy, one buoy, and t«« 

buoy systems respectively used In this study. 

..... ,!.,.„.     i     •!!«•• nit iii'nr - • **.— ,->i-.. • ..•..=•   - -.- j i      i II jtHMltdJMflli 
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Figur« 9. LuBptd-Kats  Cabl«  Element» With  lie Buoy« 
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aaor 

SHIP 

Figur« IQ. Lu»pad-M»»« Ctbl« Ileaent» llth On« Buoy 
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BOOT 

BOOT 

Plgur« 11. Lumpcd-tfats Cabl«  il«««nt« Vlth Two Buoy« 

l.  ... hM ^.^^L 
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For the purposes of this study, the system Is assumed 

to be divided up lato six segments (m • e), vhlch results 

la seven lumped mass elements.  Aa shown In figures 9, 10, 

and 11, element number one la the anchor and element number 

7 la the ship. The forcea acting on the cable are assumed 

to have no effect on either the anchor or the ship.  That 

is, the anchor has neither accelerations nor velocities, 

and the ship haa accelerations and velocities due solely to 

its wave induced motions. (The ship's motions, «hen attached 

to the system, are taken to be identical to those when it is 

unattached.) 

If the cable's «eight, maas, hydrodynamic forcea, etc., 

are concentrated at polnta 2, 3, ••», 5, 6, («hieh are lo- 

cated ÄLj, Uj + U2 , . . . , L} t    A   Lz  +•   ... + A    Lg 

from the anchor), all forcea acting on the cable span from 

(AZ., +&L* + • . . t Al^ ,  +    JLLOL. ) «ill be concentrated 

at tha n'th mass point.  Crlstecu'a (32) eable equation» are 

«ritten for tha n'th mass point as: 
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f 3 T 5 

(X^ + Jfcj^ +rt.i.t/.i;      ,«., 

S/I+(+.)AU    A-.fr) J^-J  ^    gj£   - 
V  5  + 5 /     <ua 

^ 

^4U JL    4^-, t29b) 

/l»(H)AU A.^K)      <*  * 
(*=! 5 -/      oWJ 

& 

&U Z-, &U-, pzL.)+(Z-f-C-JlJ  <*••> 
•»•n 

-•••••   -   ••-••1—    --  -—•—^....^.w^g 
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54, 

• hart 

a» zn 

x the mass (structural) per unit length 
of tne n'th cable segment 

• the lnertlal coordinates of the n'th 
•ass point 

t • tine 

in»  In» In  • the force components (weight, drag,. 
and added maaa forces) per unit length 
of the n'th cable segment 

• the cable tension vector of the n'th 
cable segment 

A  A A 
1. 1,  k s unit vector components 

To compute forces acting on each mass element, the cable 

sngles 9  and ^ for each element must be defined. From the 

geometry between the successive mass elements, we see that: 

<?K - A»''        ( 
- (rf-+.+,  - *~) 

(«?*« - >-J -; C30«0 

k**?(- \  g^4j "" z^J 

]/(*+*,-**)*+€?*„ -*f*fo.rifjlzQ\>) 

The stretched length between any two mass elements Is com- 

puted ss equal to: 

• tfHftii SS 
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\J fr**s m*~f + fa» m1t-)* f *** ' *^* (30e) 

Figure 12 shoes the convention used for the subscripts: 

n'th segment 

Cn-li'th segment 

Figure IE. Subscript Convention for Lumped Mess Angles 

•'••   ...... • 



06. 

To compute tensions between elements, the elastic 

properties of the cable and the cable deformation are used. 

That is, If the effective cable modulus la Be and the cable 

element deformation Is <y  , then, using Hooke's La« (2*), 

the spring constant along the cable Is: 

31) 

Asauming the cable cannot support compression, It must 

be specified that If the difference between the stretched 

and the unatretched length Is zero or negative, the tension 

la zero.  Otherwise, the tension In the n'th cable segment 

Is defined by: 

?+• ' C3E) 

The   tension  in  the   lnertlal   coordinate  ayatem la,   froi 

equation   (0): 

••— -•• -•••)•      i.. «to 
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T* = 

57. 

V. -o-*^ •~ C** A 

T>; C#4* «L CO* * 

_ v~ ^ *~ (33) 

The lnertlal tension components sre used to compute the 

tension difference scross the aass element given In equa- 

tion (29). 

Bach of the forces Xn A üQ, Xn 
4 Ln» and In ^ Ln *ctli»8 

on each mass element consists of weight, viscous drag, and 

added aass forces. The «eight force vector per unit length 

Is, ln the lnertlal eoordlnate aystea: 

K 
o 
o 

(34) 

•here «c Is» as before, the ln-«et«r weight per unit length 

of the oable. 

The ooaponents of the ocean current» that exist are 

given ea 
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Ms 

AT 

o (36) 

and   the  velocity  components   of   the  n'th  element   are 

*~    J (36) 

then the reaultant velocity of the eater relative to the 

cable component« are: 

w,~ « 

14» — AT   -  *}»>. 

»/N. °    -   **> (3T) 

- — 
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For the purpose of calculating the eable drag and added 

asms force», previous studies *•• 9^ have ussd seen esble 

sogles st the n'th eleaent, defined to be: 

—    / 

e~ = 7 ( 9*  f *+-*) (38s) 

***i (+. * <ju; (38b) 

Figure 13 shoes auch anglea. 

Figure 13. Mean Csble Angles 

 ,  
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60. 

In using tneae mean cable angles, It waa inherently 

assumed that the angles ©n-l» ^n, ^n-l> 
and r n a11 lle 

In the same quadrant or a rectangular Cartesian coordinate 

system.  After examining the preliminary resulta of th« 

steady state model, however, it taa seen that this was not 

often the case «1th the present study.  Plgure 14 shows one 

such configuration: 

Figure 14. Passible Mean Cable Ingle« 

— i „  . 
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It Is obvious froa figure 14 that the mean eable angles 

computed froa equations (38) «ould yield erroneous results; 

thus they will not be employed.  Rather, the forces eon» 

sldered to be acting at eleaent n «111 be the auaaatlon of 

those sctlng on half of the (n-l)'th segment and half of 

the n'th segment. 

The velocity coaponents of the «ater relative to the 

cable, using equation (2), are trsnsforaed to cable coordi- 

nates to yield: 

Uiu" ~ &-#+)(**+ **) * fay^X****) (39a) 

*~ (39b) 

\fa S (*'*Jf*> V*AJ-(*-<*»)(***><* fO • ^^^, 

The drag fores components per unit length are, In 

eable coordinate«: 



es. 

rj R-^'*, UM. V* 

V~ »^ff<fi.r ^  \v*i\ 

(40a) 

(40b) 

"J^^ C«v 
(40c) 

The drag forces  per  unit length are then tranaforaad back 

to lnertlal eoordlnatea so that they will be eonalatent 

«lth the coordinate system used in the expressions for the 

other forces» 

Lumping the added mass terms «lth the structural mass 

terms and transforming from cable eoordlnatea to lnertlal 

coordinates yields the added maaa matrix; 

J (41) 

= 
— —  -  -• • ••••-•-• — ^_, Ma »kii L  ; . J 
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Patton ^33' gives the added nass per unit length for very 

long cylinders as: 

/tn^ a     r   fT^ \—S (42a) 

/»"V* *  =  *r ^(-f-) C«c) 
«>•* 

Then the  different   terae  of   the cable  aquatlona  for 

the n'th  element   are  aa  follows. 

The  aaaa and  added aaaa  teraa: 

(43a) 

     M*    ..,.._..-.—     ... ... i     ...    ......            ........ _- 
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A, 

+ A»* C«+ 

£J^ j,     1 *M Ü 

(43b) 

(43a) 

the «elgHt ter««i 

o 
0 

(44%) 

(44b) 

(44C) 

'itlMtll  .^„^^—»Mfc«—haM»**il ...<_.:.-.-      HHnm     ••:.—    -.•••....      J 
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the drag term« (after ualng equation 13) for the traaafor- 

natloo from cable to lnertlal coordinate»): 

[V^ *~ f*C —Ms 
*L~ 

AL^.4 

•[fc*/-** ^' ^C^-'J ~5^ 

(46a) 

(45b) 

(46C) 

tad  the   tension   teru: 

ii* •    I   .•!!••  I!   I »111 ^.        - 1 •M*»iM<aMiM*i 
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— T //  *44*i ÖL £^o> » (46») 

V   <**• *~ <^ ^L (46b) 

7?1  -4^ fU (46c) 

The cable equations, arter substituting Into (29), 

are then: 

T si*-. „ <**. 9     <<u%* 6   , I —z— f  T    ~ 

I II I «II I      I       I II   ••!«.- •     ••- -     - - ii- m-TTTT   -••  r—"-    • 11 i . i m,m „nytMjyi^^Mlüjll 
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67. 

{ [/+ (*') * "**,; -^ *.*•-*#*«•**» «•*** 
Al. 

* ^v -^ e^-' * *Vfv   ^ £•* °** ^ 

* V~, ^ «U <~ t~< ' ^-, *"* *"< **iJ ^ 

+ C^l -**- ^   -   7^.,   -^-v <C,  J (47a) 

 -  •-•••"•      •   • ••  - , ....   ^ ^—  I      ,   •     „ji^miiämimimitm 
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The auxiliary relations are: 

©^ ->£*,' 
-/ 

(48a) 

^--^ 

(^/Kfi *  t/^/ 

l^^T^w 5^J> r*~"~?-J J     ' 
(48b) 

T*l *K£ (\/(*~r^'(*H-?~)'^7tJ''*Q (48c) 

v.. c^£- j c-fe-; 
(48d) 

. *.. jii— i^Baiub^ •»--•-• -^-~^..- • -^       li. . »•••.••tui 
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3.2 Subsurface Buoy Dynamic» 

The forces acting on the subsurface buoy are 

a. an external gravitational force, 

b. hydrostatic forces, 

c. hydrodynaaie forces (drag and added 
mass), and 

d. cable tensions 

Using Newton's Second La«, (34) the equations of notion 

for the subsurface buoy can be developed.  In aatrlx form, 

the equations of motion are: 

1 . 

or 

MQ = n& ~ B- H - 7 (49*) 

(49b) 

«here 

M s the structural aaaa aatrl*. 

Q • the acceleration vector 

Q, z the gravitational veetor 

(B « the hydroatatle fore« veotor 

J-J s the hydrodynaaie forea veetor 

y r the cable tension vector 

V/ r the body »eight in water vaator 

The atruetural aass aatrlx ean be written as; 

J 

inM 
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J1-- 
/»L 0 o 
o /W 0 
0 0 /On* 

(50) 

«here a Is the mass of the buoy. 

The acceleration vector Is: 

Q  = 
»• 

L   H C    —I (61) 

»here xc, yc, and rc are the x, y, and z  coordinate» of the 

center of the buoy. 

The In »ater »eight vector la: 

W^ 
o 
o 

(58) 

   _^,...u._-,-w     ••••. ..   - ....^.l..-,.         , ..^.^M^,^^£^ *•   IlltMll« .!•,«*> im r~        -"  • 
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(Note   chat   l-»b)   «111  be   positive  for   a  positively  buoyant 

buoy.) 

The  tension  vector  Is: 

T-- 

- 7   ^in» 9S C++ fc   f Ta ***** ** A 

(53) 

«here Tm  and Tg are the tension magnitude« of the cable seg- 

aenta above and b«lo« the buoy respectively (see equation 

(32)), and ©5  <^a  Sa and YR  «re the horizontal and 

vertical angles or these segments aa defined in equation 

(30). 

The hydrodynaale forces acting upon the buoy are caused 

by the motion of the body in the fluid. These forces sre 

considered to b« inertlal (added aessj and dlsslpstlve»  Dle- 

•lp«tlv« force« caused by viscosity «ill be discussed ss 

separate force components, ss «ill the Inertlal forces caused 

by buoy «otion. 

The added aa«« «atrlx is established «s folloes, «her« 

the orr-diagenai tern« have been taken to be zero due to the 

— • 1 <ni 
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8ymmetry   of   the   buoy: 

72, 

Wi * O 

o 
"*UL. 

o 
0 

2      —' (54) 

I 33 ) 
Patton   VVJO/   glve3   the  hydrodynanlc  «as«   far  a  sphere of 

radius  R$ as: 

**a   ^ x ?r ^ f#JJ 

/?*., 

/»»I, 7 fr^ (*JJ 

C55a) 

(55b) 

(56c) 

The viscous force matrix aay be given as: 

D  = 
L_ «a (66) 
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or 

D^ 

(67) 

Hydrodynaale forces are computed by considering tat«r 

•ass movements relative to the body.  Assume that the buoy 

Is  deep enough so It Is not Influenced by surface saves and 

that the eater nass aoveaent la aoae stesdy flow resulting 

froa steady ocean currents.  Then the relative acceleration 

of the later UH surrounding the buoy Is given In equstlon 

(51) as: 

Q = 
<*c 

(S8) 

The velocity vester of the body relative to the eater aass 

la defined In equation (37) to be: 

— —•••••   - - •• -—»—"**• •   -< u^^m. atmm i ii  •ilMii 
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Q - 
(59) 

The equations oi* motion Tor the ouoy can be summarized 

• •: 

nö * w - u -T (60) 

Substituting for the hydrodynamic forces 

H = ft.  Q   + D 

yields 

HO  rW-/l, Q  -D-T 

•hlch simplifies to 

(ai) 

(«a) 
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(h + iij) ö  * V-D-T (63) 

lth all the coefficients aa previously discussed. 

The lnertial tera beeoaes: 

m •   • 

(/»v-r^-iL^)  ^e 

CÖ4) 

The vlseoua  force  tera la: 

o«. 

l_ °». (es) 

The  «eight  tera beooaea: 

o 

(««) 

 -•---• •• ••      - —t-.~,.—-^  
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7ö, 

The   tension  term  Is: 

J tat) 

As «as shown In figures 10 and 11, a buoy Is located 

at the exact position of one of the cable nass elements. 

Thus, the equilibrium equations for the buoy «111 not be 

solved explicitly, but rather the lnertlal, viscous, and 

•eight terms of equations (64), (65), and (66) respectively 

«111 be added to the lnertlal, viscous, and «eight terms of 

the cable element of equations (43), (45), and (44) respec- 

tively for the appropriate lumped mass.  This «111 give one 

set of equations for the element, «1th the forces acting on 

the cable and buoy lumped together for the solution. 

3.3 Ship Motions 

In order to determine the ship motions resulting from 

«aves, M.I.T.'s five degrees of freedom seakeeplng program 

v    (surge neglected) «as used.  This program is bssed upon 
(36) 

the theory developed by Salveeen,     and employe the 

(37) section transformation» used by Loukakls.      Appendix D 

gives s detailed description of the ship used In the present 
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study. 

The  ship   positions  sre  given   In   the   lnertlsl  coordinate 

aystea centered  at the anchor ss folio«»: 

*7   -   ^     Sjt^J   -**-   (***> X     t€*+) C68s) 

*f7    -     G {68b) 

too 

• here 
shx  »   shz     =  amplitude  of  lateral  and  vertical  aotlon 

1 1       of   ship's point   of attachment  to  cable 

U/} - the  save   frequency 

€xi» Czt        -   the  Phase angles 

Velocities st   the  ship  are   found by differentiation  of 

equation»   (68)   «1th  respect   to   tlae: 

,oo 

Srj?.   S<*"+   —(***'€*}        ,. 9a) 

II-"—-"    ii i-nimi"— -L-•••inrrin--- •  iir-iiinir   -   • - -   -• •       • 
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*j.?-     0 (69b) 

(69c) 

Accelerations  at  the   ship  nay  be  obtained  by   differ- 

entiating   the  velocities   of  equations   (69)   «1th  respect   to 

tlae: 

Ar» * 

-  0 (TOb) 

Ü, » - 5" ^,. «*J **> <*U * >Ki)     ti Qe) 

In order   to  calculate shx, » £x, »  ah,   »  ••**».•  tn# 

1   *   *i       * 
rolleaing aetnod was used: 

firsta the spectra of the vertical aotlon and lateral 

aotlon of the point of Interest for each sea state exaalned 

asa calculated and punched out on cards.  These calculation! 

LJ 
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• ere perComed et »elected frequencies so ee to have complete 

coverage of the spectrum of Interest.  The computations «ere 

performed by a modified version of M.I.T.'s aeaJceeplng pro- 

gram. C»§] 

Second, each spectrum «as transformed Into a tlae aer- 

ies by selecting frequencies such that 

J 

«here 

-   C ^'^»•K ""   ImAm.) 

a m number  of  subdivisions 

U/
B>10 * alnlaua W of  speetrua definition 

U/aax •  asxlmua u/ of  spectrua  definition 

lach element of  the time  aerlea «aa of the  formt 

A^ = ^U ("**  + €M . ) 

«here 

t, w\/it 
 1 

* mpactral ordlnata^j^ • W^\ -U/jJl 

t     >     tlaa 

£tl i   phaae angle    generated randomly 
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The complete time series «as of the form: 

Finally, the  relation between £x, and 6Z^  was dater- 

mined using the regular wave results of the vertical and 

lateral notion. 

Appendix P lists the values or**« , S*  , €x., Sj,  , A1 • z i 
end £2,   for each of  the ship  headings.     (Chapter 4 describes 

the three ship  headings and the particular  sea  state  used 

for   the calculations Bade   in  this   study») 

3.4 Humer\eal   Solution  of  Squatlons for  Lumped-Maes 
System 

The  lumped-maaa systea has been   assumed   to   consist  of 

seven lumped-masses.     (.The  anehor   is  element   number   one; 

the  ship   is element number  seven.)    At each element,   three 

nen-llnesr  second order differential aquations may be »rit- 

ten.    This yields twenty  one second  order  equations  t« 

describe   the  system» 

In  order   to  solve  these  equations,   the   fourth-order 

Hunge-Iutta method  * used in  section &.1   is again applied. 

-•'• •  • '•———— •• ----• -•• - •  --• 
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The lnertlal coordinates of each eleaent la the steady state 

aodel are used aa the Initial condition» (time • o) Cor the 

dynamic aodel. The anchor Is allays located at the origin 

of the coordinate ays tea; velocities and accelerations at 

this point sre thus always zero.  The location, velocity, 

and acceleration of the ship sre given by equations (68), 

(69), and (70) respectively. Locations, velocities, and 

accelerations of the other elements are calculated fro« 

equiitloaa (47), (48), (64), (66), and (66). 

la noted by Patton, *9' the systsm's highest natural 

frequency is, In general. In the axial node and along the 

strength aeaber of the «able*  An eatlaate of this value may 

be given byt 

j>   .      I     , lr * *«~ A~       > 
**"     9 ft     V K   /** &LM        J (71) 

«here 

Benan • the product of the strength aeaber's affective 
elaatle modulus snd effeatlve erosa-aeetional 
area (aee figure 1), 

y"a  7 the cable1 a aasa per unit length» 

Ln x the unatretahed length of cable bataeen teo 
successive aaaa elements. 

After the highest nstursl frequency hsa been computed, the 

Integration step size ln the tlae domain should be approxi- 

—  
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aataly 1/20 of the shortest period, i.e., to Insure 

nuaerlcal stability: 

b r 0*05 (-jrl—) (72) 

  -----   - •    - - 
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IV. RBSULTS 

Computations made through the Implementation of the 

computer program described la this study may be used to de- 

sign particular cable-buoy-ahlp systems.  The system of In- 

terest here Is subjected to certain operational constraints 

and design requirements, «hlch are given below.  This does 

not Imply that the simulation Is constrained, but rather, 

for this example, just certain physical parameters are con- 

st rained. 

Some parametera of the system components, such as cable 

properties, are fixed because they had been previously spec- 

ified In the original design of the entire system.  Others, 

such as the current profile, are considered to represent the 

"worst case condition" for the operating area of interest. 

These Invariant system parameters are presented In Table 1,* 

•here the terms used are defined In section C.6 of Appendix 

C 

The following constraints on the behavior of the system 

modeled have been Imposed: 

• Tsbles 1-5 snd figures 16-34 are preaented at the end of 
thla chapter. 
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a. the steady state tension at the anchor oust not 
exceed 1000 pounda, 

b. the maximum steady state tension at any point 
along the cable nust not exceed 5000 pounds, 

ft*  the depth of the buoy or buoya must be minimized 
ao that the buoya nay be conatructed out of Inex- 
pensive materials, 

d. the nunber of buoya used In the syaten muat be 
minimized for greater ease In handling and reduced 
coata, 

e. the   ship   oust   be  able   to  operate  at   horizontal 
rangea  varying  fron 4000 feet   to  12,000  feet  fron 
the  anchor, and 

f. sufficient  decoupling  of   the  wave-Induced   motion» 
of  the   ship  fron  the cable   oust  take   place  up  to 
and  including aea atate  four» 

(Note  the  magnitude  of  the  tension at  the anchor  la not 

checked  for   the   dynanic  case  because elenent  number  one  la 

too  long,   about  5600  feet   in  thla  case.) 

It  should  be  noted  theae constraint* are  not  neeeaaary 

fer   other  noored  systems.     Suppose,   for  example,   that   the 

following  procesa  la  employed  for  the  cable»buoy-anchor 

deployment.    The   system la  layed  out   in a  line on the  ocean 

aurfaee,   anehor first,  alth  appropriate buoyancy added to 

the  anchor to   keep  it  afloat»     After  the  entire  system haa 

been  layed  out,   the extra buoyancy  at the anchor  is   Jettl» 

aoned,   and  the  system  la allowed   to  free-fall   to  the  botton. 

If   the  cable   la  very  long  and   la  negatively  buoyant,   then 

problems  nay   be  encountered  anile  It   la     being  deployed  on 

 —•• • - •••-... .... ..... .    . .. .  ...       ...  ...  •Ja 
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the surface If there Is only one buoy. With one buoy, the 

system would assume  a " \JJn shape.  If more buoya «ere ad-« 

ded, however, the deep catenaries would be minimized and the 

cable aould assume more of a atralght line configuration on 

or near the aurface. Thus, for this type of system, require- 

ment. Cd) would hsve to be modified. 

Previoum experience ^38) haa indicated thet the built of 

the design of systems similar to the one being considered in 

the present study can. be made primarily from detailed and 

numerous stesdy state calculations.  After the systsm has 

been selected, however, its dynamic behavior must be checked. 

Thla plan has been followed here. Cases 1 to 11 are stesdy 

state simulations only; eaaea 12 to 14 are dynamic simula- 

tion*,.  Table 2 summarizes which system parameters were 

varied for each case.  (The terma uaed in table 2 are defined 

in section C.6 of Appendix C.)  Plgures 15 through. 25 show 

three dimensional plota of the configurations of oases 1 to 

11 respectively. 

Cases 1 to 5 vary the horizontal dlatanee between the 

anohar and the ship from 4000 foot to 12,000 feet. The sig- 

nificant reaulta ore presented in tables» 3, 4» and 6, where 

T, ö , and if  are defined in aoetlon 2.1, and the eoordlnatea 

xg, rg, and Zg and the aubaorlpta BX and BO are defined In 

figure 7 of section 2.2.1. It can be aeen that the hlgheat 

• », 
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tension at the anchor, the maximum tension (which is always 

Tgg of the first buoy}, and the largest buoy depth all occur 

men the ship Is 12,000 feet from the anchor (case 5). 

Thus» since this appears to be a "worst case" condition, 

subsequent cases assume this value to be fixed» 

Cases 6 to 8 examine the effects of varying the excess 

buoyancy of the single buoy configuration; cases 9 to 11 

divide the one buoy into two buoys such that the sum of the 

excess buoyancies of the two buoya of cases 9, 10, and 11 is 

Identical to that of the one buoy of cases 6, 7, and 8 re- 

spectively» Maximum tensions are acceptable for all the 

eases«  The tension at the anchor Is above the 1000 pound 

limit for cases 8 and 11»  Comparable cases Indicate that 

the anchor tension Is slightly lower for the two buoy casern 

compared to the one buoy cases» The buoy depth for the sec- 

ond buoy (buoy closest to the ship) la cases 9 and 10 la 

deeper than that of the single buoy of caaea 6 end 7 respec- 

tively.  (Bven If the lower buoy of caaea 9 or 10 were moved 

up the cable, the second buoy would alwaya be deeper than 

the one of eases 0 or 7 until It reached the second buoy» at 

which point cases 9 and 10 would reduce to eaaea 6 and 7 re- 

spectively») 

Thus, the only advantage of the two buoy configuration 

la a alight reduction of tension et the anchor»  It was 

i 

J 



3  i_ 

 87.        - • 

f 381 decided by Brown and Griffin*- '   that this benefit was not 

enough to justifyadding complexity to the system, since there 

would be a second buoy.  By increasing the cost of the buoys, 

there would not only be two of them, but also they would have 

to be constructed out of more expensive materials. 

• choice then had to be made between the lover anchor 

tension of eaae ö and the shallower buoy depth of caae 7. 

Since the buoy «f caae 6 *aa over 500 feet deeper than that 

of caae 7, and alnee the anchor tension of eaaa 7 vaa In the 

acceptable range, eaae 7 was ehoaen aa the optimal compromise 

system.  Thla configuration satisfied the flrat five spec- 

ifications mentioned earlier; the sixth and final requirement 

•ill no.« be checked. 

The ahlp la sssuaed to be Influenced by fully developed 

aeaa driven by 20 knot mlnda (significant wave height of 8 

feet, sea atate four), ahieh la expected to be the worst con- 

ditions encountered during operations.  (If conditions worsen, 

operations are ceaaed for thla particular system.)  Case 12 

assumes beam aeaa, eaaa 14 aaaumaa head aeaa, and eaae 13 

assuaes a heading of 136° (boa quartering aasa) in between 

aaaaa 12 and 14. 

Figures 20, 27, and 28 plot the Lateral and vertical 

actions of the boa of the ship at the point of the cable at- 

tachment veraua time far each caae.  Only a 50 second Inter- 
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val of the 2000 second simulation Is shown here,  figures 

29, 30, sad 31 shoe the tension In segment number one (the 

anchor) and the tension In segment number six (the ship) as 

functions of time for eaoh case.  (See figure 10 for a 

sketch, of this system.)  Figures 32, 33, snd 34 plot the 

tension In segment number three (Just below the buoy) snd 

the tension In segment number four (Just above the buoy) 

versus time for eaeh case» 

Figures 26» 2T, and 28 compare the ship's response in 

lateral and vertical motions for the Identical aea atate 

for tnree different ship headings.  It is seen thst the ship 

is stlmulsted most In case 13 (heading halfaay between beam 

and head seam). Thus, one «ould expect that the tensions 

encountered in the ayatem would be worst for this case* 

(This aaaumptlon will now be checked») 

In examining figures 29, 30, and 31 it can be seen that 

the above aaaumptlon holds! case 13 doea show the largest 

tenalon variations at the ehlp. Tensions at the anchor» 

hoaever» are almilar for eases 13 snd 14. Therefore, case 

14 muat a'.ao be aarefully looked at. 

The purpose of this study is to decouple the osble mo« 

tlons of the section below the buoy from the eave-lnducad 

•otlons of the upper section»  Plgures 32, 33, snd 34 osn be 

used to see how effective this decoupling mechanlam la.  It 

— - -• 
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Is clear fro» these plots that this ayates doea Indeed ful- 

fill this requirement.  While large variation« are seen in 

segment number 4, much smaller variations in tension are seen 

in segment number 3.  (The behavior of segment three la 

typloai of those below the buoy; the behavior of segment 

four la typical of those sbove the buoy.) 
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90. 

TA3LB 

BAD -   2-309 x 106 

BSO r 2.309 x 10
6 

BOT r 2.309 X 106 

HAD z   0*145 
RBQ s 0.146 
not = 0.145 

DAD s 1.950 
DEO • 1.950 
DGT 3 1.950 

DSAD a 0.522 
DSBQ - 0.622 
DSGT ~» 0.622 

GUHRBNT 

H • 17,700 

CX s 0.5 

D • 300 

CT . 0.3 

CB «. 0 

THBC s &T0 

Table 1.  Invariant Syate» Parameter» 
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V»   SUMMARY 

5.1 Conclusion» 

The eabie-buoy-shlp aystema examined here «ere studied 

under a variety of conditions. First, the ship «as placed 

at varloua distances from the anchor In the steady state 

model.  Then, after selecting a "lorat case* distance» the 

excess buoyancy of the buoy «as varied.  Subsequently, the 

effects of having two smaller buoya Instead of one large one 

•ere looked at.  Finally, after chooalng «hat seemed to be 

the optimal system. Its dynamics «ere examined.  The ship 

driving the system «as subjected to «aves typical of a par- 

ticular sea state, and lta angle relative to the incident 

«aves «aa varied. Tensions In the cable under simulated 

operating condition« «ere thus obtained. 

The system eould also be subjected to a variety of 

other conditions «hlch «are assumed to be constant, but 

«hlch could be varied. These include the «ater current 

(magnltudea and direction), cable properties (length, dia- 

meter, and modulua of elasticity], the location of buoya on 

the cable, the sea atate and the particular surface ahlp 

being used. This study considered these to be fixed because 

they «ere either previously specified (the cable properties 

or the ship) or a "«orst ease" condition (the sea atate or 
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water currents). 

The models employed in this study have shown that the 

«ave-lnduced motions of the ship can be sufficiently decou- 

pled from those of the ceble such that cable tensions 

throughout the system are acceptable.  Thus, In this study» 

a system «as designed In which all the initial requirements 

have jeen satisfied. 

5.2 Suggestions for Further Study 

Purther research In the area of cable-buoy-ahlp systems 

should Include Investigation of the effects of additional 

buoys spaced along the cable.  While the present model can 

account for a maximum of only two buoys, It would be rela- 

tively straightforward to modify the program so that systems 

consisting of many buoys could be modeled. 

This would be accomplished by Integrating along the 

cable up to each successive buoy.  It each buoy, as before, 

the force and moment equilibrium equations would be solved. 

Integration up the cable would then take place again.  This 

process would be repeated until the ship was reached.  (It 

should be noted that the program has  been successfully 

modified to account for a specific system consisting of four 

buoys.  These results will be described in a forthcoming 

report of the Naval Underwater Systems Center.) 

. .. ....   



IWJ"W«P-« 

117. 

Another possible useful option »ould be the capability 

of specifying one buoy ss s surface buoy.  This «as serious- 

ly considered during this study, but the results «ere not 

conclusive.  Hhen the Iterative process used for finding the 

steady state tension at the anchor (see section 2.3) «as 

tried, difficulties «ere encountered In obtaining conver- 

gence. The reaaon for this «as that» «hen the tension at 

the anchor vaa "corrected" by only a fa« pounds, the drsft 

of the surfsce buoy «ould change by a fe« feet, resulting 

In a significant change In the buoyancy force at the buoy. 

It «as realized, then, that the Iteration process of section 

2.3 eould not be used In its present form for the entire 

system.  Instead, the following achene, which is described 

in detail belo* Is proposed to obtain the ateady state 

tensions: 

Let the problea be divided into tvo distinct parts; 

the first part looks st the cable froa the anchor up to, but 

not including, the aurface buoy. The second examines the 

aurfaee buoy and the tether to the ahip. 

The procedure for finding the tensions and positions 

of the cable for the first section of cable mentioned above 

la identical to that used in previous sections. There is, 

however, one slight change:  the model treats the surface 

buoy as If it «ere the ship. The horizontal distance froa 

•Ma— ^im ^_ 
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the anchor to the ship» Q (aee figure 8), becomes the hor- 

izontal distance from the ancnor to the surface buoy.  The 

«ater depth, H, Is decreased by an amount which Is 0.6 times 

the buoy diameter.  (This means that the buoy Is Initially 

assumed to have a draft which la 6Q percent of Its diameter.) 

fthen the desired location of the surface buoy Is finally 

attained through the use of«the Iteration process described 

In section 2.3, the surface buoy and lta tether to the ship 

may be examined. 

The tension In the cable from the anchor at the surface 

buoy, which was calculated using the above procedure, Is 

assumed to be constant.  The general idea no« is to adjust 

the draft of the surface buoy such that the ship «111 be on 

the ocean surface.  (Since the cable to the anchor is assumed 

to be very long, on the order of several miles long, a change 

of a fe« feet at the surface buoy In the vertical direction 

should not be significant «1th reapect to cable tensions and 

poaltions between the anchor and aurface buoy.} 

The initial "guess1* for the buoy draft Is that it la 

0.6 times the buoy diameter.  Using this value, equilibrium 

equations may be written and aolved at the buoy, and the 

cable tether is subsequently integrated to the ship.  The z 

(vertical) coordinate of the ship, Zgg» Is then compered to 

the known water depth, H.  If the difference between these 
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two  values  la  less  than some   prescribed value £ ,   then 

this  iteration has   produced   the  final results.     Otherwise, 

the  following correction  Is applied  to  the next  Iteration: 

H. 
- H 

Li JL 

where 

HQ,      s  the buoy draft of the Ic'th Iteration 

HD(k-l)  = tne °uoy draft of the (k-l)'th Iteration 

*SHk 

H 

s the z  coordinate of the ahlp of the 
(k-l)'th Iteration 

z  the water depth 

» the Iteration number 

Using this "corrected" value for the buoy draft, equil- 

ibrium requirements are satisfied at the buoy, and the cable 

again Is Integrated to the ahlp. This process Is repeated 

until, ma already stated, the error becomes sufficiently 

small. 

The scheme described sbove was Incorporated Into a 

model, and successful convergence waa obtained.  (The Iter- 

ations were repeated until the ship waa found to be located 

on the aurface of the water.)  Although thla method haa been 
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snowc to be convergent, further examination of the assump- 

tions must be made before the results can be ta*en to be 

accurate. 

As Is the eese «1th most computer models of physical 

systems, a comparison of the results obtained from the simu- 

lation «1th experimental data should be made.  It «ould thus 

be useful to compare the results predicted by this study «1th 

those of an actual system operating at sea In order to val- 

idate the model. 

In addition, certain parameters and constants of the 

program could be given more accuracy.  These could include 

the drag coefficients, hydrodynamlc mass coefficients, etc. 

Modifications could be made such that cable strumming would 

be allowed to occur If It «ere spproprlate for a certain 

system.  (Cable strumming Is neglected entirely In this study) 

Useful information could most definitely be obtained 

by comparing the amplitudes and phases of the tension ver- 

sus time plots.  This «ould Include exsmlnlng the tensions 

at Identical segments of the cable for various ship headings 

and compsrlng the tensions In various segments for the aame 

ship heading,  A detailed analysis of this type «ould re- 

quire the use of sophisticated statistical methods. 

An Interesting extension of this study «ould be to not 

assume that the anchor Is fixed; that Is, the anchor «ould 
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be taken to be a certain «eight.  If the tension components 

at the anchor exceeded certain limits, then two things could 

happen» Plrst, the anchor would be lifted off the bottom If 

the Halt for the vertical component were exceeded.  Second, 

the andhor would be dragged along the ocean floor If the 

Holt for the horizontal tension component were exceeded. 

finally, ways could be found to reduce the running time 

of the program. ?or example, the step size in time, b, Case 

section 3.4) could be examined to see how large It can get 

before lnaecurancles and numerical instability   occur.  A 

reduction in time would realize significant savings in cost 

for the user. 
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Appendix A 

THE FOURTH ORDER RUNGE-KUTTA METHOD 

Consider the lnltlal-value problem: 

(Al) 

(12) 

The Increment <ly Tor advancing the dependent variable »hen 

the Independent variable la advanced by h la given by 

•here 

AH *Ar(<K+* r^ +*,) 

(A4a) 

(A4b) 

(A4«) 

(A4d) 
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The values at fo„ , %„) •'• t*»«oi 

^M. 
r^ +^ 

^ • -»>*** 

U&m) 

U6b) 

All intervals are computed la the same manner, using 

for the Initial values the values at the beginning ot each 

interval. The method does not need any apeelal formulas to 

get the solution started, and it la sell suited to computa- 

tional form. 

-— • —,• 
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Appendix B 

SOLUTION   OF  BUOY   BQUATI0N5 

B.l  Boulllbrlua gguatlona 

Bquatlens   (12)  tre: 

- <Jnl  *(0± -(TJ(^ 0..)(<~t,.) ••«     lBl" 

*CTj^ + ft^ +(&(<*•„)(<"*») * 0 (Bib) 

" (J*t)     f (8) f  (W (-•** ^ J * ° (B1« > 

Letting 
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the above equations may be rewritten aa; 

Tto ^ *» **" +»     ~ A** 
(B3a) 

Te>   *~%   °~t*' - A*Y (B3b) 

TB0    <****   f. eo = Asi (B3c) 

Dividing  equation  (B3c)  by   (B3a)  given: 

A*, fa so Ad 2 

<4+». 9 40 
Aex 

(B4) 

Dividing equation  (B3e) by  (B3b) yields: 

to* 9 

Ail 
Aev (B6) 

Rewriting aquation (B4)t 

** tm * 7 4*2 
5/ 

-d**- 9, /* 
I Be) 
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Putting  equation  (B6)   into  (B5)i 

Co+>   Q 
ao Aex A£Y 

or 

^ e. AS/ 
90 Aer 

(BT) 

(B8) 

inlcr.  implies 

Ä *o {        ABY   J (B9) 

Bquatlon   (56)   «ay no«  be solved  for 

A .AJ1 17 f g )^9 1 
(BIO) 

or»  fron equation  (B9),   letting 

(Bll) 

equatlen  (BIO)  aay be   rewritten  as: 

**'**• [(•ÄJ-x-o] (B12) 

Finally, TBD aay be found by rewriting equatlen (B3c): LBD 

T -   A£* 
*0 (B13) 

ha. 



^^—cc=mr—" •, j'!T ET»- ......^t.. .,..-l.^l,»-.y.l..-.,,„..„•• .,,,.,„       . ,...)WJfc,BB>^,^?rr!r_-r^,.„. 

131. 

If 1ST  Is calculated  to be  zero,  then   ©BD  * 90*  if 

AEX   1«  positiv«   end    ©3D   =~90°   If  AHX  Is   negative.     Similar- 

ly   If AST  is calculated  «e  be zero,   then </>BD  z  90°  If ABZ 

Is positive snd   <f> QD  X -90°  if ABZ  Is negative. 

Finally,   if ^>BD !• eslsulsted to be  zero   (which is not 

expected),   the  program «ill automatically  be stopped as  it 

cannot   evaluate  equation (B13). 

B.2  lUnent   Equations 

Equations  (16s),   (16b),  snd   (17)   are: 

frX-^-j ^U(%) -M, f-%-> &4<i J-o    ( B14S) 

(*tf   =   (**)'    *j>j" +(lj'                              UM.) 

«here,   fro« equations  (16): 

**J   r **   "*# CB16«) 

/ÄJ   ~ ft  ~ Je (B16b) 

M            *          e (B15o) 
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Containing  like   terms of equations   vBH)   gives: 

[ (4-) * <Ul &J - \fr)4Jl (O' °    ..«., 

(a*,/- faf + fa)'+ (*»)' 

Lot 

0 c, = [of; * ft.;, ] 

o, = a», 

(B16e) 

(BlTs) 

(BITb) 

(BITe) 

(B17d) 

Then, substitution of the above expression* into equations 

(B16) yields: 

I I I id—Ml 
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W*J -coo.,;   =o 

(B18s) 

(B18b) 

(B18c) 

Solving ror yDß and z DB In equation« (B18a) and (B18b) re- 

spectively gives: 

(B19s) 

(B19ta) 

Uj  is never expected te be  equal to zero.) 

Substitution of the above expressions Into equation (B18e) 

gives: 

This equstlen smy be solved ss follows: 

.-•-—*  .^.•^....^JJ^..„    '---.t»r ,,   •  - •••-- •-- -• '- • - -"• • •- ^ *• ' -'•   • --*•••*»—&MM-.»»«V •  • » 
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Q 
a« ^IW^W7 

(B20) 

The solution for the unknown coordinates, then, may be taken 

fro« « rearrangement of equations (B15)s 

to  - *e   f  <* OB 

% • 7« >r** 

2. * 2,   +  « 0* 

(821a) 

(B£lbJ 

(B21c) 

•here all the teras are as previously defined. 
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Appendix C 

COMPUTER PROGRAM DESCRIPTION 

Cl Current Profile 

The program compute» the current velocity ae a function 

of depth.  The current direction la esaumed to be constant 

end the current Telocity vector at any depth la contained In 

a horizontal plane. Assume that the current, V , has a 

velocity of es knota at the surface, deeresaea exponentially 

to Cy knots et e depth of D feet, and varies linearly at 

greater depths to cB knots st the bottom, at a «ater depth 

of H feet: 

-c*-iX*J 
*%   c  (^ JL. (HZizfr*)) 

Gift) 

«here 

C„ C .   ±(fZ) 
(Clb) 

(V*> * > o) (CE) 

Figure C-i ahoea thla profile: 

• - ••— -— — • - ... - —  

X*. 
_J 



!—••       iji       li  ll»lim    •ywM.ii.jj»'.'.>».^.l„l,..,.,1. .„..„..,•-...„•„.., ••"••-•:; 

136, 

MEAN   WATBR   LINK 

SB* FLOOR 

Figure  C-l. Current   Profile 
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C.g Brag Coefficient« 

The drag coefficient» for both the cable and the 

spherical buoys are specified In the program for differ« 

ent ranges of Reynolds numbers.  The cable noraal drag 

coefficient Is given as follows: 

(C3a) 

(C3b) 

c„*  /. J (LSX/S)*fo < £o*#*; (C3c) 

The lover bound for the Reynolds number for the cable nor- 

mal drag coefficient la given aa (E..Q x 102), which, for a 

20,000 foot long 2 inch diameter eabl« (ohleh la used In the 

present study}, corresponds to a normal drag of 1.5 pounds. 

The upper bound la (2-0 x 1Q6).  (Tho maximum Reynolds num- 

ber expected In this study Is (3.6 x 104).)  Figure C-2 shoos 

a eomparlaon betveen the approximation« of equation« (C3) 

and the actual normal drag coefficient for amooth eylln- 

(39) der«. 

  . — -mann i „ , ..~.,.. . ••••••••••• : ._ *_._. 



•ZT 1 

138, 

« 
e 

>> 
ü 

3 
O 

u 
o 

a 
m 

m 
m > 

o • 

> • 

# o 
9 «. 

*» a 
• a 

o 
o 
M 

2 
a 

s 
c. 

c. 

3aai9Tjjao3  »»Ja 



'-," ""•»""• •'»•'• »'•""" 
>-^»«><M IU,..i 111    . ,^., W..—   • J     •*! 

139. 

The cable tangential drag coefficient la specified aa: 

COT "Ö.OO^J^ O.0X/<#£tft^(?-d*'>>      (C4) 

The lower bound Tor Re la (2.0 x 103) which glvea a tangen- 

tial drag of 2.3 pounda for the eable used In thla study; 

the upper oound la (2.0 x IG5).  (Re la not expected to ex- 

aeed (3.5 x 104) In thla atudy.)  Figure C-3 compares the 

valuea calculated froa equation (C4) and the actual tangen- 

( 28 ) 
tlal drag coefficients for smooth cylinders. v 

The drag coefficient for a apherlcal buoy la given aa 

follees: 

***** 

c„co.s. 

0-OXIo!)£fc *&0m')      (C5a) 

C2 .©*#< *e < £• ***V (C6b ) 

ce* « ©A (H.*XlS)3 ***(!'•*•*)      (C6d) 
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The lover bound for Re Is (3.0 x 10 ), which, for a 6 foot 

diameter spherical buoy, eorreaponds to a drag of 0.09 

pounds.  The upper bound is (1.0 x 10 ).  (Ths maximum 

value for Re in this atudy la (1.3 x 1Q6).)  Figure C-4 

glvea a comparison between the approximations of equations 

(C5) snd the actual drag coefficient for a sphere. ^2*»3*) 

C-.3 Passible Buoy Systems 

There are several buoy systems which the program is 

capable of handling. The present program allows for a 

maximum of only two subsurface buoys but, with minimal 

alteration» to the program, more buoys eould be added. 

Plgures C-6, C-6, snd C-7 show the three possible system 

configurations- 

•"•  •• • "—•••*•«•- ...—  . — • -- • —•- .... -.—.*  . .-   .  i , ..  .- - .. -.... 
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////?//// 

Figur«  C-6.   Syates lltb  II« Buoys 

I«  -'-• '•- "   •"• m^m^LJmük   ., ,  1    n   iS,i7ir~ 
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777777777 

Plgur«  C-6.   System ilth  One  Buoy 
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Plgur« C-7. System llth T«o Buoy« 
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C,4 Flow Charts 

The stead/ state model Is subdivided lato a mala pro- 

gram and five subroutines.  (The dynamic model Is Included 

la an additional subroutine.)  The main program performs 

very few calculations; Its purpose Is to guide the program 

through the subroutines sad print and plot the results. 

(See figure  C-8.) 

Subroutine CONFIG specifies the csble equations; It 

glvee the tension, the t*o angles, and the position at reg- 

ular Intervals along the oable. (See figure C-9.) 

Subroutine RUMQB gives a Runge-Xutte> nuaerleal solution 

for the Integration of the differential equations.  (It Is 

called from CONPIO end from DYMICS.)  This subroutine «as 
(25) developed by Unite. l ' 

Subroutine 1MOLB simply gets any tea angles to be 

between «?r and fr radians or -180 and 18Q degrees. 

Subroutine SUBSBF solves the foree and moment equilib- 

rium equations of the subsurface buoy to give the tension, 

angles, and position of the second point of attachment. 

(See figure C-10.) 

Subroutine TBNCQR eorreeta the tensions st the anchor 

In order to reduce the error between the calculated location 

of the ship and the actual location.(See figure c-11.) 

Subroutine DYMICS gives the positions, velocities, 



—*—- ^— 

c START D 
READ IN SYSTBM 
PARAMBTSRS 1 

INITIAL VALUBS 

CALL CONFIG 

CALL SUBSRF 

CALL CONFIG 

CALL SUBSRF 

I 

147, 

00 I 
CALL CONFIG 

CALL TBNCOR 

STEADY STATE 
OUTPUT 

CALL DYMICS 

0© 
Plgura C-8. Plow Chart for Main Program 

_-__  MIIUHdH   i   • 
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SUBROUTINE   CONFIG 

I 
INITIAL   VAiLUBS 

1 
DRAG COEFFICIENTS 

CURRBNT VKLOCITY 

I 
CURRBNT COUPONBNTS 

£ 
CABLE BQUATIONS 

CALL RUNOB 

NB* COORDINATES 

I 

STORB   VALUES 

CALL ANGLB 

Figur« C-9. Flo« Chart for Subroutine CONFIG 

 •   



y -'H'HI'WI ,»-!.. ••!•! 'ff» IIIMMIK-     PI.III.IH.II  ••»••. I .1 U _„.U, 

149. 

SUBROUTINE SUBSRP 

i> 

CUBRBNT VRLOCITY 

it 

DRAG COBPPICIBNTS 

i ' 

KNOWN TBNSIOM 

'» 

NET BUOYANCY 

< ' 
DRAG PORCB 

' i 

PORCB EQUILIBRIUM 

« • 

MOMENT EQUILIBRIUM 

< * 

CALL AHOLB 

< ' 

f      RBTaRM      J 

Figur« C-IO. Pio« Chart for Subroutine SUBSRP 

- • - — -   - 
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SUBROUTINE   TBNCOR 

NBIT   CLOSURB   BRRUR 

tsf/i 

"OLD"  TBNSION 

I 
TENSION CORRECTION 

CORRBCTBD TENSION 

HAGNITUDB k  ANQLBS 

CALL ANGLE 

C RBTÜBN } 
Figure C-ll. Floe Chert for Subroutine TBNCOR 

If.iV 
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SUBROUTINE DYNICS 

INITIAL VALUES 

BOUNDARY CONDITIONS 

ANCLES k   TENSIONS 

VBLOCITISS 

CABLE DRAG 

CABLE IBICUT 

INBRTIAL TBRKS 

BUOT DSAO 

6 & 

© i 
BXCBSS BUOYANCY 

BUOY INBRTIA 

EQUATIONS OF NOTION 

Figur« C-12. Flo« Chart for Subroutine DYUICS 

-—  _ 
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accelerations, and tenelona of the system when It Is being 

excited by the dynamic motions of a surface ahlp.  (See 

figure C-12.) 

C.5 Input Data Cards 

The program aaa designed to allow the uaer as much 

freedom as possible In choosing various parameters for the 

system»  Thus, maximum use «as made of Inputting dsta. 

The order and format of each parameter of each card re- 

quired for the steady state model Is given belo« In table 

C-l.  (Da not Include cards 3 to 203 If IDYMIC z   0; do not 

Include earda 104 to 203 If B8TA - 0 or 180.) 

CARD NUMBBR PAfiAMBTKR COLUMNS FORMAT 

1 RGB 1-10 110 
NCD 11-20 110 
NCR 21-30 110 
IDYMIC 31-40 110 
IPLOT 41-50 110 

2 RPSLNA 1-10 P10.2 
M0IT8R 11-20 110 

3 BRTA 1-10 PI0.6 
TMMAX 11-20 P10.6 

4-103 AMPZ 1-10 P10.4 
QMBGA2 11-20 P10.4 
PHANQ2 21-30 P10.4 

Table C-l. Order of Input Data Cards 

•«MM 
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I 

CARD MUMBBB PARAMSTBR COLUMNS PORMAT 

104-203 kUPX 1-10 P10.4 
OMBOAX 11-20 P10.4 
PHAMOX 21-30 110.4 

204 XCHAB 1-6 A6 
ICH AR 7-12 A6 
ZCHAR 13-18 A6 
XCHRR 19-24 A6 
TCHRR 26-30 A6 
ZCHRR 31-36 A6 
VBLX 3T-42 A6 
VKLY 43-48 A6 
VBLZ 49-64 A6 
TBN 66-60 A6 
TIM 61-66 A6 

206 CX 1-10 P10.9 
D 11-20 P10.9 
CY 21-30 P10.9 
OB 31-40 P10.9 
TBBC 41-60 P10.9 

206 IBUOI 1-10 110 
14 11-20 P10.2 
PA 21-30 P10.2 
BB 31-40 P10.2 
PB 41-60 P10.2 

20T SAB i-10 P10.3 
BAD 11-20 P10.3 
• AD 21-30 P10.3 
DAD 31-40 P10.3 
D3AD 41-60 P10.3 

208 SBO 1-10 P10.3 
RJLQ 11-20 P10.3 
•BO 21-30 P10.3 
DBQ 31-40 P10.3 
DBBO 41-60 P10.3 

Tabl« C-l. Order of Input Daft* Card» (Cont'd) 

m  ..   
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CARV   NUMBER  | PARAMBTBR COLUMNS PORMAT 

209 SGT 1-10 P10.3 
BGT 11-20 P10.3 
RGT 21-30 P10.3 
DGT 31-40 P10.3 
DSGT 41-50 P10.3 

210 TITLÄ 1-6 A.6 

211 G 1-10 P10.2 
B 11-20 P10.2 
ICASS 21-30 110 

Table C-l. Order of Input Data Cards (Cont'd) 

The parameters used In table C-l may be described aa 

follaaa: 

MCB * number of times earda 210 and 211 will be 
repeated Tor one set of values of card« 1 
thru 209. 

MCD   s  number of tlaea earda 206 thru 211 all! be 
repeated for one set of values of esrds 1 
thru 205. 

NC2 > number of tlmea eard 206 »111 be repeated 
for one set of valuea of eerds 1 thru 204. 

IDTMIC • 0 If only the steady state model Is desired. 
• 1 If both the stesdy state and dynamic aodela 

are deal red. 

IPLQT  s 0 If no plots ore desired. 
• 1 If pleta are dealred. 
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8PSLNA • maximum closure trror at ship (fest) for steady 
ststs model. 

MOITBR s aaxlsun number of Iterations per eass for 
steady stste model. 

BETA.  * ship heading In degrees (following ssss « 0°,. 
besa sees z 90°, head sees = 180°). 

TMKAX m  length of time In seeoods for which the dynam- 
ic simulation Is desired. 

AMPZ s amplitude in feet of heave of ship st fre- 
quency 0MÜGA2 (In rsdlene) snd pnase angle 
PHANOZ (in radians}. 

AMPI   m  amplitude In feet of easy of ship at frequency 
0U80AX (In redlsns) snd phsse sngle PHANOZ 
(In radians). 

XCHAR, 
YCHAH, 
ZCHAB s Isbela on x-axla, y-axle, snd z-axls respec- 

tively en plots of stesdy stste model. 

XCHRR, 
TCHRR, 
ZCHRR z lsbels on x-axla, y-axla, and x-axla respec- 

tively on plots of dynamic modal. 

VBLX, 
VBLI, 
VBLZ 

TBN 

TIM 

CX 

D 

CI 

• lsbels for velocity components In x, y, and z 
directions respsetlvely en plots of dynsals 
model» 

s Isbel for tension on plots of dynsals yodel. 

s lsbel for time on plotm of dynssle aodsl. 

z current speed In knots st ths surfsss. 

z depth In feet above which the current variation 
la exponential snd boles shleh the eurrent 
variation Is linear. 

• surrent speed In knots st depth D 

— .„.„.-,,. 
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CB    r currant speed In knots st ocean bottom. 

THSC   9  current direction In degrees, measured posi- 
tive counterclockwise from the y-axla. 

I3U0T - total number of buoya (0, 1, or 2). 

BA    s excess buoyancy In pounda of flrat buoy 
(dlaplecemenc minus buoy sir «eight). 

PA    » density of first buoy In pounds per cubic 
foot. 

SB    - excess buoyancy In pounds of second buoy. 

?a    r density of second buoy in pounds per cubic 
foot. 

SAD   • unatretched length of cable In feet between 
the anchor and the flrat buoy (between the 
anchor and ship If no buoys); this length of 
cable la referred to aa the flrat segment. 

BAD    %  modulua of elasticity In pounds per square 
inch of the flrat segment. 

WAD   -  «eight In «ater of flrat segment in peunda 
per foot. 

DAD   -  outalde diameter In lnehea of flrat segment. 

D3AD  • atrength member diameter In lnehea of flrat 
segment (See figure 1.). 

SBQ   x unatretched length of cable in feet between 
the flrat buoy and the second buoy (between 
the first buoy and ship if only one buoy); 
this length of esble Is referred to aa the 
aeeond aegaent 

• If no buoya 

SBQ, 
»SO, 
DBO, 
DSgQ •• are analogeua ta BAD, NAD» DAD, and DSAD 

respectively, except that they refer to the 
aeeond segment 

: if no buoya 

• •"  
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SGT   -  unatretched length of cable In feet between 
the second buoy and the ship; this length of 
cable la referred to aa the third segment. 

: 0 If no buoys or only one buoy. 

BGT, 
WOT, 
DOT, 
DSOT   r are analogous to SAD, RAD, DAD, and DSAD 

respectively except that they refer to the 
third segment, 

s 0 If no buoya or only one buoy. 

TITLB  r title printed on all plota. 

0     s projected length In feat In the horizontal 
plane between the anchor and the ship. 

B     • water depth In feet» 

ICäSB  s caae number. 

The order of the carda resembles a large DO loop far 

the program: 

(DATA CARDS 1 THRU 204) 

DO 1 NCBC > 1# NCB 

(DATA CARD 206) 

DO 2 NCDC * 1, NCD 

(DATA CARDS 206 THRU 209) 

DO 3 NCBC • 1, NCB 

(DATA CARDS 210 THRU 211) 

3 CONTINUB 
Z CONTINUB 
1  CONTINUB 

*if - ii 
*^"~*"~*****~*"""*-*~— n-nmni-tllM«>»a»ii i mi  - •••••-   •     -   ,.    .••• • •• •  •-   . 
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Thus, there is only one of card* 1 thru 204, there are NCB 

of sard 205, there are NCB X NCD of cards 206 thru 209, and 

there are NCB X NCD X NCB of cards 210 and 211. 

This means that the ship's position and later depth are 

varied first, then the parameters of the cables and buoys, 

and finally the current velocity. 

C.6 Program Convergence and Limitations 

The steady stste program has been applied to a number 

of cases; however, they have not been exhaustive.  Conver- 

gence for the Iteration process which finds the tension at 

the anchor has been found to take place after about 18 to 26 

Iterations. 

Problems have been encountered with certain configura- 

tions.  Very high tension esses, «here the csble must elong- 

ate a good deal, are slow to converge. Por example. In one 

such case, the maximum tensions In the csble reached 30,000 

pounds sfter TO iterations.  (Higher tensions were expected.) 

Por the purposes of this study» though, tensions of this 

magnitude will not exist.  (The maximum allowsble steady 

stste tension Is 8000 pounds due to material limitations.) 

Slsek oases hsve also had problems with convergence» 

k  slsck mooring, as used here, Is defined to be s configura- 

tion in which s portion of the lower section of cable re- 

sslns on the bottom (thst Is, It lies In the horizontal 
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plane).  For tnls study, auch eases are not of interest for 

two reasons.  First, such tensions «ill always be in the 

acceptable rang«-  Second, a slack cable is undesirable be- 

cause of passible problems «ith the cable tangling Itself. 

It should be noted that the program does not account 

for certain physical constraints on the cable attachaent at 

a subsurface buoy.  Certain cases may produce a configura- 

tion «here the cable "goes inside" the buoy.  The program 

cannot apply this geometrical limitation to the cable angles 

at the buoy. 

This program was run on a UNIVAC 1108 digital computer 

at the Naval Underwater Syateaa Center.  The approximate CPU 

tlae in the steady state taa two alnutes per case, «here the 

closure error (2PSLNA) was taken to be 10 feet.  Approximate 

CPU tlae for the dynamic aodel in minutes was given by 

TUMAX , 
CPU time : 0.004 (—5 ) 

•here TMMAX is tlae in seconds the systea is allseed te run 

and b is the step size in tlae (seconds). 

fc- ~—  
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Appendix D 

SHIP DBSCRIPTIUM 

The ship used In this study is one of the Agor class. 

Its parameters are given In tables D-l snd D-£, «here the 

teras are defined to be: 

Cfl 

XLBP 

BRAM 

DRAFT 

ICQ 

VCG 

0a 

RTY, 

axx 

RZZ 

ZZI 

USURPA 

ST 

XI 

: block, coefficient, defined aa volume of the 
displaced fluid divided by (midship beam • 
midship draft • ship length between per- 
pendiculars} (nondlmenslonal) 

: ship length between perpendiculars (feet) 

: midship beam (feet) 

: midship draft (feet) 

: longitudinal center of gravity measured 
from tne «sterllns (positive up) (feet) 

: vertical center of gravity measured from 
the «sterllns (positive up) (feet) 

: metaeentrio height (feet) 

: radius of gyration sbout the y-axls (feet) 

: radius of gyrstlon about the x-axla (feet) 

: rsdius of gyrstlon sbout the z-axia (feet) 

: aaaa aoaent of Inertia about the x-x axla 
(slug * feet squared) 

: vetted surfaea (feet squared) 

: station number (P.P.* 0» A.P-i 
(nondlaenslonsl) 

10) 

:  dlstsnee to  ship ststien ST measured  rroa 
aaldshlp   positive   forward   (feet) 
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IM      £ full beam at interline of station ST (feet) 

ZM      : draft at station ST (feet) 

SIGMA   : area coefficient of station ST (defined as 
section area divided by beam • draft of 
station ST) (nondlmenslonsl) 

ZCB      : vertical center of buoyancy of station ST 
measured from the waterllne poaltive up 
(feet) 

GIRTH    : girth of ship station ST (feet) 

A.LPH     : angle between ship side and vertical» re« 
quired only for IKBK - 1 (degrees) 

INBK * 1 : sections «1th a deep U or V shape and small 
radius at the Keel (typically at the forward 
portion of the ship) 

IRBE « 3 : sections having a triangular shspe ss the 
extreme aft section of a cruiser stern ship 

IIBK r 4 : sections «hlch are unlikely to produce 
eddies ss the ship rolls 

Figure 0-1 Indicates the coordinate system used at the 

ship.  (This is for the seskeeplng program only.) 

•** 

Figure D-l» Coordinate System of Ship 

mmtm »— .., ., ••  -in 
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The (x, y, s) coordinates of the point for which motion 

computations were performed are (98.0, a, 0).  The x coor- 

dinate of the origin for notion computations was assumed to 

be the same as the ICG of the ahlp.  Regular wave frequencies 

(wave length / ahlp length) used in this study are given as: 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 

1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.25, 2.5, 2.75, and 3.0. 

'•••• •-'   •••'•• *    —.:....  -...,-..— A. u^aAUü* 
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CB r 0.43 

ZLBP r 196.0 

BBAM = 39.0 

DRAFT • 14.25 

XCG s -2.0 

VCQ s 3.1 

QM • 1.96 

RYY s 49.0 

RXX m 15.6 

RZZ — 49.0 

ZZI m 0.0 

ISURFA r 8073.0 

Table D-l. Ship  Paraaetera 
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Appendix  B 

COMP'JTBR   PROGRAM   LISTING 

Thla  appendix  contains  the  program used  to  simulate 

the  cable-buoy-shlp  aysteaa  described   in  this   study. 

i 

<* 

L_ 
• •  ^—. » —. 
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2U2. 

Appendix P 

VALUBS OP EACH BLBMBNT QP THE TIME SERIES USBD TO 
DSSCBIBB SHIP'S VERTICAL AND LATBRAL MOTIONS 

This appendix Hats all of the valuea of ^ ^, Sn  , xl 
  *—'~:~jF~•^^•;,ir

-
8^-^£:•• ttie4;-.i.B .equations  (68),   (69),  and 

(70).     Three   ship  neadlngs;   fliiTA .  90°,   135°,   180°;   are 

used for  cases  12,   13,  and  14  respectively.     (See chapter 

4.)     Thus,   three  sets  of valuea  will  be  given,   one  for  each 

heading. 
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